[1] Frequent measurements of stream chemistry during snowmelt and summer storms were used in three watersheds that differ in permafrost coverage (high, 53%; medium, 18%; and low, 4%) to determine the role of water flow paths on the fluxes of carbon, nitrogen, and major solutes from Alaskan catchments. Permafrost was important in the seasonal pattern of stream chemistry as there was a distinct shift in chemistry and flow from winter through snowmelt and into summer in the permafrost-dominated catchment. Furthermore, the active layer above the permafrost was important for the late summer release of NO 3 À and DOC, suggesting a deeper active layer may increase N and C loss in permafrost-dominated areas. Overall, permafrost constrained water flow to the active layer, resulting in higher DOC but lower dissolved mineral fluxes (Ca 2+ Mg 2+ K + Na + ) in the high-permafrost watershed than in the watersheds with less permafrost coverage. However, the decline in dissolved mineral fluxes was not linearly related to permafrost coverage across watersheds. The flux of weathering ions may also be explained by total water runoff, since the medium-permafrost watershed, which had the greatest runoff on an areal basis, yielded the greatest loss of all major elements (Ca 
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Introduction
[2] Understanding the role of boreal forests in global element cycling is becoming increasingly important as temperature increases at higher latitudes in response to a changing climate [Serreze et al., 2000] . Much attention has focused on elemental fluxes from land to the atmosphere in boreal ecosystems [Goulden et al., 1998; Chambers et al., 2005 ], but we know less about the flux of C, N and other major solutes from watersheds in stream flow. A warmer climate could affect numerous factors that control hydrologic elemental fluxes such as the timing and contribution of snowpack meltwater, soil water storage during summer, or large-scale alterations in subsurface flow paths through watersheds with permafrost degradation.
[3] In interior Alaska, permafrost controls hydrochemistry by constraining flow to the organic-rich active layer, the portion of soil that thaws and refreezes annually [Woo, 1986] . A decline in permafrost may improve soil conditions for decomposition and increase the turnover and pool sizes of carbon and nitrogen that could potentially be flushed from soils to streams. However, the same conditions that improve decomposition are likely to thaw more of the active layer, increase water storage, and modify water flow paths from soils to streams. Longer flow paths may decrease elemental flux to streams through adsorption and uptake by plants and microbes. Conversely, some elements may increase in concentration along flow paths due to leaching from soils or weathering of bedrock.
[4] Previous studies in interior Alaska have shown that a permafrost-dominated watershed had higher fluxes of dissolved organic carbon (DOC) but lower fluxes of dissolved solutes such as Ca 2+ , Mg 2+ , and Na + than an adjacent watershed with little permafrost [Ray, 1988; MacLean et al., 1999] . This difference in solute fluxes was hypothesized to be due to shallow flow through the organic-rich active layer in the high-permafrost watershed, whereas in the lowpermafrost watershed, water infiltrates into deeper mineral layers where DOC adsorption and weathering occur. While these observations are a valuable starting point for understanding permafrost effects on watershed biogeochemistry, we lack understanding about how the release of snowpack meltwater or seasonal change in the thaw depth may affect elemental fluxes.
[5] The objectives of this study were to use detailed measurements of stream water chemistry and hydrology from watersheds that differ in permafrost coverage to understand how biological, edaphic, and hydrologic processes interact to control C, N, and other solute losses. In subarctic watersheds, the snowmelt period is important because more than a third of the precipitation occurs as snow and the snow cover period extends for up to seven months of the year. The depth of the snowpack and the timing of melt are likely to change under a warmer climate. Furthermore, the response of stream chemistry to increased flow in the subarctic may change throughout the summer as the depth of thaw increases. In this study, we addressed the following questions: (1) How do seasonal changes in flow path affect relationships between stream chemistry and discharge. (2) What is the relative importance of snowmelt, summer, and the post senescence periods for the export of carbon, nitrogen and solutes. (3) How might an increase in thaw depth where permafrost is present affect the net export of C, N and solutes from boreal watersheds?
Methods

Study Site
[6] The Caribou Poker Creeks Research Watershed (CPCRW) is part of the Bonanza Creek Long Term Ecological Research (LTER) site and is located 50 km northeast of Fairbanks, Alaska. The climate is continental with exceptionally low winter temperature, high summer temperature, and a mean annual temperature of À2.5°C. Of the average annual precipitation of 400 mm at CPCRW, roughly one third of precipitation falls as snow, snow cover extends from mid-October to late April, and snowmelt lasts for 3 to 5 weeks. During the snow-free period, May and June have the lowest precipitation.
[7] CPCRW includes several subcatchment that differ in permafrost coverage owing to aspect. Low sun angle throughout the year results in less energy reaching slopes with northern aspects than slopes with southern aspects. Consequently, north-facing slopes are typically underlain by permafrost and south-facing slopes are permafrost free. North-facing slopes are dominated by a black spruce (Picea mariana) and feather moss (Pleurozium schreberi and others) community, whereas south slopes are typically deciduous with a mixture of quaking aspen (Populus tremuloides), paper birch (Betula neoalaskana), and patches of alder (Alnus crispa). Permafrost is also found in riparian zone or valley bottom sites adjacent to the stream due to persistent temperature inversions throughout the winter and poorly drained soil in this zone [Yoshikawa et al., 2002] . Vegetation in valley bottoms includes cottongrass (Eriophorum spp.), blueberry (Vaccinium uliginosum), Labrador-tea (Ledum groenlandicum), mosses (Sphagnum spp., Hylocomium), dwarf birch (Betula glandulosa), willows (Salix spp.), and stunted black spruce. Maximum thaw depth on permafrost hillslopes can reach >1 m, whereas poorly drained sites thaw to only $0.5 m in September prior to refreezing.
[8] The CPCRW watershed is part of the Yukon-Tanana Terrane that consists of polydeformed and polymetamorphosed Upper Paleozoic and older metasedimentary, metavolcanic, and metaplutonic rocks previously known as Birch Creek schist [Newberry et al., 1996] . Specifically, CPCRW is part of the Chatanika Terrane which contains protoliths of Devonian-Mississipian age. The Chatanika terrane contains calcareous eclogite white mica schist, biotite schist, amphibolite, and quartzite [Chapman et al., 1971; Newberry et al., 1996] . CPCRW and the surrounding area was never glaciated during the Pleistocene, but during glacial periods silt and fine sand (loess) has been carried by wind from the Tanana river to the south, creating a thin loess on south slopes. Alluvial deposits are common in wide valleys, and peat deposits are found in many low-lying areas. On north slopes, soils range from histic cryosols in valley bottoms to gelic histosols on footslopes and turbic cryosols on summit ridges, whereas south slopes are mainly dystric cambisols [Ping et al., 2005] .
[9] Three watersheds were examined in this study that varied in permafrost coverage and size. The high (53.2%) and low permafrost (3.5%) watersheds had areas of 520 and 570 ha, respectively, whereas the medium-permafrost watershed (18.8%) had a slightly larger area of 1040 ha [Rieger et al., 1972] (Figure 1 ). Owing to logistical constraints, we were not able to replicate study watersheds, which is a common limitation of many watershed studies [Likens and Bormann, 1995] .
Discharge Measurements
[10] Our study encompasses the 2000-2001 water year (October 2000 through September 2001). During ice-free periods, stream stage was recorded every hour with a 5 psi pressure transducer and a Campbell data logger (CR10X) at a Parshall flume. Periodic discharge measurements were conducted with a Marsh-McBirney electromagnetic current meter to permit confirmation of established rating curves. Stream discharge was measured continuously during the snowmelt period in April through freezeup in late September. We made periodic measurements of discharge and chemistry during the winter (November, February, and March) . Flow slowly recedes during the winter to an annual low prior to snowmelt [Ray, 1988; MacLean et al., 1999] .
Sample Collection and Analyses
[11] Stream water for chemical analyses was collected with an ISCO autosampler every 4 -8 hours during snowmelt and summer storms and less frequently during base flow periods. Samples were transferred to prerinsed 125-mL HDPE bottles in the field and filtered within 12 hours using glass fiber filters (Gelman A/E, 0.7-mm nominal pore size). Samples were refrigerated and analyzed within 48 hours or were frozen for later analysis. We found no significant difference between samples collected by the autosampler and stored for the 4-day period and samples that were collected manually at the same time and frozen or refrigerated before analysis. Electrical conductivity was measured in the laboratory using a hand-held Denver Instruments AP-50 meter. DOC was measured as nonpurgeable organic carbon on a Shimadzu TOC-5000. 
Budget Calculations and Statistical Analyses
[13] Budget calculations were performed by comparing inputs with stream output. We used the calculated deposition rate from the NADP, which is based on precipitation estimates from a Belfort rain gage adjacent to the precipitation chemistry collector. Precipitation does not vary with elevation at CPCRW; precipitation at the NADP collector (230 m elevation) is not significantly different than precipitation at 760 m elevation (data from Remote Automated Weather Station operated by the Bureau of Land Management).
[14] Stream chemical output was calculated as the product of discharge and concentration calculated on an hourly basis from 1 October 2000 to 31 September 2001. Stage height was recorded each time stream chemistry samples were collected, but when chemistry or discharge were not measured directly, we linearly interpolated between sampling points. Hourly flux rates were summed for the water year to obtain an annual flux rate. The greatest source of error in our budgets is due to interpolation over winter when few samples were obtained. Previous studies in the same watersheds, however, have found a less than 10% difference between winter stream chemistry estimated by interpolation and the chemistry from actual winter samples [MacLean et al., 1999] . In addition, we lacked hourly discharge measurements for the month of July for the medium-permafrost watershed owing to equipment malfunction, but weekly discharge measurements were still obtained.
[15] Discharge and chemical data were analyzed by linear regression and one-way ANOVA with Statistica software [StatSoft, 2000] . Regression was used to examine the relationship between discharge and stream chemistry as well as the relationships between NO 3 À and SO 4 2À , and DOC and DON. ANOVA was used to test the difference in average chemical concentrations in streams and regression slopes among watersheds. Normal probability plots of residuals from regressions were used to test the assumptions of normality. Annual stream data conformed to residual normality tests, but individual discharge events typically did not meet the assumptions of normality. Transformations did not significantly improve the distribution of data sets so we report raw data in all cases.
Results
Hydrologic Fluxes
[16] Stream hydrologic response to snowmelt and precipitation varied markedly among watersheds during summer storms ( Figure 2 ). In the high-permafrost watershed, stormflow was an order of magnitude higher (220 L/s) than base flow (10 -30 L/s), and stormflow was greatest among the three watersheds. The low-and medium-permafrost watersheds showed much lower snowmelt and storm peaks, but the base flow discharge steadily increased in both of these watersheds throughout the summer while base flow in the high-permafrost watershed remained low. Winter base flow as a percent of the annual flow was much lower in the highpermafrost watershed (21%) than the medium (50%) and low (55%) permafrost watersheds, whereas runoff during the snowmelt period as a percent of total annual runoff was three times greater in high (25%) compared to low (7%) and medium (9%) , and Na + concentrations tended to decline during snowmelt and summer rain storms in all watersheds as base flow was diluted by the influx of snowmelt water or rainwater (Figure 3 ). In contrast, K + increased two-fold prior to the snowmelt peak in the medium-permafrost watershed and at the same time the maximum K + concentration was observed in the low-and high-permafrost watersheds. K + concentration declined throughout the summer in all watersheds (Figure 3) .
[19] Winter DOC concentration was consistently low, but increased throughout snowmelt in the high-and lowpermafrost watersheds, whereas the concentration remained low in the medium-permafrost watershed (Figure 3a) . The annual DOC peak in the medium-permafrost watershed preceded the snowmelt discharge peak, but in the highand low-permafrost watersheds the annual DOC peak coincided with snowmelt ( Figure 3b ). DOC peaks during the summer period occurred at similar times in all three watersheds and coincided with summer storms. DOC and DON concentrations were variable in all streams ( Table 2 ). The DOC:DON ratio was also variable, ranging from less than 10 to over 150 in all streams, and average DOC:DON ratios were 27.0, 23.7 and 17.1 for the high-, medium-and lowpermafrost streams, respectively.
[20] NO 3 À was the dominant form of dissolved nitrogen in all streams, composing just over half of TDN in the highpermafrost watershed and over two thirds of TDN in the medium-and low-permafrost watersheds (Table 2) . Despite large variation in the concentration of NO 3 À and SO 4 2À throughout the year in all streams, the two compounds were highly correlated (Figures 4 and 5) . In order to compare seasonal patterns, we divided the NO 3 À and SO 4 2À data into two periods representing winter and snowmelt (October through mid-May; Figure 5 , top panel) and post-snowmelt (mid-May through September; Figure 5 , bottom panel). During the snowmelt period, the slope of the SO 4 2À to NO 3 À relationship was significantly greater in the highpermafrost watershed than in the low-and medium-permafrost watersheds (95% confidence interval of slopes did not overlap, p < 0.05), whereas after snowmelt the slopes were not significantly different among the three watersheds ( Figure 5 ).
Chemistry and Discharge Relationships
[21] We identified six peak discharge events during the year; the first three occurred during snowmelt and three events were generated from late spring and summer rain. On the basis of discharge and concentration relationships, elements can be grouped into three classes: positive, negative, and both positive and negative relationships. DON and DOC always increased with flow, SO 4 2À , Mg 2+ , Ca
2+
and Na + always declined, and Cl À , K + and NO 3 À showed both positive and negative responses when relationships were significant (Table 3) . NO 3 À was negatively correlated with higher flow in the low-and medium-permafrost watersheds, but in the high-permafrost watershed relationships were negative early and then positive for the final two summer floods. Cl À and K + were positively correlated to discharge during snowmelt but otherwise negative (Table 3) .
Watershed Element Fluxes
[22] Consistent patterns in watershed losses of elements were found among watersheds. The high-permafrost watershed showed the lowest losses of elements on a per area basis for all solutes except DOC, which was greatest (Table 4 ). The medium-permafrost watershed had the highest output for all elements except DOC, although the area specific discharge was substantially greater. NH 4 + showed net retention, but because DON and NO 3 À comprised the bulk of the N flux, watersheds lost N overall, ranging from 0.38 kg ha À1 yr À1 for the high-permafrost watershed to 0.92 and 1.43 kg ha À1 yr
À1
for the low-and medium-permafrost watersheds, respectively ( Figure 6 and Table 4 ).
[23] The total flux of base cations from CPCRW watersheds represents an estimation of chemical weathering rate that is related to bedrock and soil dissolution as well as biotic retention. The high-permafrost catchment had the lowest output of cations (0.48 keq ha À1 yr
), the output in the low-permafrost catchment was moderate (1.10 keq ha À1 yr
), and the cationic denudation rate was highest in the mediumpermafrost catchment (1.66 keq ha À1 yr
). The loss of cations occurred in the following order Ca 2+ > Mg 2+ > Na + > K + with Ca 2+ and Mg 2+ accounting for more than 80% of the total cation loss.
[24] Seasonally, the winter base flow period was important for the annual export of NO 3 À and DON for the low (NO 3 À = 66%, DON = 45%) and medium (NO 3 À = 52%, DON = 64%) permafrost watersheds, whereas in the highpermafrost watershed summer accounted for the greatest proportion of nitrate and DON annual fluxes (NO 3 À = 56%, DON = 71%; Figure 7) . Furthermore, the snowmelt period was a dominant part of the annual flux of DOC (51% of the annual flux) in the high-permafrost watershed, but otherwise was less than a 20% contribution to the annual DOC flux.
Discussion
[25] Owing to permafrost restriction of flow to the organicrich active layer, the high-permafrost watershed had the smallest losses of dissolved ions (NO 3 À , SO 4 2À , Na + , K + , Mg 2+ , and Ca
2+
), but the highest flux of DOC. Conversely, the low-permafrost watershed had the lowest DOC output, and the medium permafrost was intermediate. On the basis of this pattern of permafrost coverage and DOC loss, we would predict that the solute flux rates from the mediumpermafrost watershed would fall between the high-and lowpermafrost watersheds. However, the medium-permafrost watershed yielded the greatest flux of all solutes, which is at least in part due to greater runoff (Table 1) . Despite differences among watersheds in permafrost coverage, hydrologic flow paths, chemical concentrations, and the extent of elemental loss, all watersheds were net sources of all individual ions (Cl À , PO 4 2À , SO 4 2À , DOC, DON, NO 3 À , Na + , K + Mg 2+ , Ca 2+ ) except NH 4 + , which was a small fraction of the total N concentration in streams.
DOC and K + Losses
[26] Snowmelt is often the dominant hydrochemical event in watersheds with a seasonal snowpack in arctic [Rember and Trefry, 2004] , alpine [Hood et al., 2002] and temperate watersheds [Likens and Bormann, 1995] . In CPCRW, greater discharge occurred in the high-permafrost watershed during snowmelt, whereas greatest flows in the other watersheds occurred later in the summer during rain storms. Overall, in the high-permafrost watershed snowmelt generated over 25% of the annual flow and more than half of the annual DOC flux. Because much of the meltwater from the snowpack likely infiltrated into deeper groundwater flow paths on permafrost-free slopes, we observed less than 10% of the annual flow and less than 15% of the annual DOC flux during snowmelt in the medium-and low-permafrost watersheds (Figure 7) .
[27] DOC and K + had maximum concentration early in snowmelt, but declined in concentration later during snowmelt, suggesting a shift in the source or flow path between early spring and the remainder of the water year. Early snowmelt peaks have been attributed to an ionic pulse from the initial fraction of meltwater that accumulates on the outside of ice crystals in the snowpack [Bales et al., 1989] . In CPCRW, K + concentration is low in the snowpack (mean = 0.056 mg/L) and the high correlation between K + and DOC suggests that an organic source of K + is most likely [Likens and Bormann, 1995] . K + significantly declined throughout summer in all watersheds, indicating either a finite pool of K + from an organic source is leached over the growing season, or K+ uptake is greater in the summer , and Na + ) were diluted by snowmelt or rainwater during high flows, which is consistent with a weathering source.
[28] Elevated DOC concentration during snowmelt or storms is a common feature of nearly all watersheds, indicating that DOC is mobilized by infiltrating water [Hornberger et al., 1994] . DOC concentration varied little over time within watersheds before snowmelt, ranging from 1-2 mgC/L. During snowmelt, DOC concentration quickly rose to annual maximum from the flushing of organic matter that accumulated over the winter months. The 12-fold DOC increase from base flow to the snowmelt peak in the highpermafrost watershed was approximately twice the increase that we observed in the other watersheds, suggesting a larger DOC reservoir and flow paths on the permafrost dominated hillslopes are more effective at delivering DOC to the stream [Carey, 2003] . On permafrost-free hillslopes, rapid and deep infiltration occurs in spite of seasonal frost during snowmelt, and DOC adsorption is likely in these mineral soils [MacLean et al., 1999] . Additionally, little direct runoff from permafrost-free soils provides less direct runoff to the stream [Kane and Stein, 1983; Carey and Woo, 1998 ]. Nevertheless, streamside riparian areas often contribute to direct runoff and deliver DOC to the stream during high flows, which may supply the DOC that we observed in the low-permafrost watershed during snowmelt.
[29] A number of factors influence DOC export from catchments, including the C/N ratio of catchment soils [Aitkenhead and McDowell, 2000] , total runoff [Mulholland and Watts, 1982] , and the proportion of wetland coverage [Mulholland and Kuenzler, 1979; Raymond and Hopkinson, 2003 ]. In the medium-permafrost watershed, the bulk C:N of soil organic matter averages 26.3 and 27.6 for the south and north slopes, respectively [Ping et al., 2005] . Using the global regression model of C/N vs. DOC export by Aitkenhead and McDowell [2000] , predicted DOC export at CPCRW would range from 67 to 74 kg ha À1 yr À1 (observed range = 4.34 to 8.34 kg ha À1 yr
À1
; Table 4 ) based on range of soil C/N, indicating that DOC export does not fit this global model. A combination of low runoff and cold soil conditions at CPCRW may promote recalcitrant pools of C that results in low DOC export.
Nitrogen Losses
[30] In general, stream TDN concentration was high in CPCRW compared to other studies in arctic, boreal, and temperate regions, and NO 3 À comprised the majority of the TDN in stream water ( Table 2 ). Dominance of NO 3 À over DON in stream chemistry in the Northeast United States and Rocky Mountains has been attributed to increased atmospheric deposition of N from anthropogenic sources [Hedin et al., 1995; Williams et al., 2001] . The N saturation hypothesis predicts that increased nitrification in excess of biotic demands will contribute to elevated NO 3 À concentration in surface waters [Aber et al., 1989] . Conversely, DON has been shown to be the dominant vector for N loss in low depositional ecosystems in tropical [McDowell and Asbury, 1994; Lewis et al., 1999] , temperate [Hedin et al., 1995; Campbell et al., 2000; Perakis and Hedin, 2002] , and boreal regions [Kortelainen et al., 1997] . Given this trend of DON dominance in ecosystems with low nitrogen deposition, NO 3 À concentration should be low in CPCRW, which is among the lowest N deposition sites in the NADP, but DIN is greater than DON.
[31] When compared to boreal sites in other regions, NO 3 À concentration in CPCRW streams is an order of magnitude greater (Figure 8 ) [Ford and Naiman, 1989; Bayley et al., 1992; Peterson et al., 1992; Stottlemyer, 1992; Kortelainen et al., 1997; Cooke and Prepas, 1998; Jones et al., 2005] . Although winter NO 3 À concentration was consistently high in all watersheds in our study, NO 3 À concentration did not Figure 6 . Annual nitrogen deposition and export in streamflow from the high-, medium-, and low-permafrost watersheds. Input represents both wet and dry deposition. Output in streamflow is represented by DIN and DON. decline during the growing season as has been observed elsewhere [Goodale et al., 2001] . Arheimer et al. [1996] observed that stream NO 3 À was lower during growing season in 71% of boreal Swedish catchments, and catchments without seasonal patterns had a high rate of N deposition. In CPCRW, NO 3 À concentration diminished only when discharge increased in the summer, suggesting dilution by low-nitrate soil water rather than a biotic control by primary producers or microbial immobilization (Figure 4) .
[32] The subcatchments of CPCRW are losing nitrogen based on the rate of input via deposition and export in streamflow [Jones et al., 2005] . On-site NADP deposition totals only included input of N via precipitation; however, we can conservatively estimate dry deposition of 0.09 kg N ha À1 yr À1 that has been measured at the NADP site in Denali National Park (200 km southwest of CPCRW). Organic N deposition represents an additional potential input. Organic N deposition averages a third of total N deposition worldwide, and DON deposition is less than DIN deposition at low deposition sites [Neff et al., 2002] . Assuming similar rates at CPCRW, total N deposition may be near 0.4 kg ha À1 yr À1 and N output is up to 3 times greater than the rate of N deposition (Table 3 ). This N loss may be derived from (1) N fixation, (2) geologic N sources, (3) thawing of permafrost and loss of nitrogen from frozen soil, and (4) nonsteady state conditions such as low or negative net ecosystem production (NEP) due to high rates of decomposition.
[33] Nitrogen fixation from symbiotic cyanobacterial associated with feather moss (Pleurozium schreberi) occurs in boreal forests of Alaska [Alexander and Billington, 1986] and high rates have been recently reported in Scandinavia (1.5 to 2.0 kg N ha À1 yr À1 [DeLuca et al., 2002] ). Feather moss is common in permafrost underlain hillslopes at CPCRW and could potentially provide up to 5 times the rate of atmospheric deposition of N, although input would be mainly limited to moss communities in black spruce stands. Nitrogen fixation by alder (Alnus crispa), which are common in deciduous stands and valley bottoms at CPCRW [Troth et al., 1976] , is also a potential nitrogen source. Alder (Alnus crispa and A. tenuifolia) contributes significant quantities of nitrogen (up to 59 kg ha À1 yr
À1
) to early and mid-successional stands on the Tanana River [Uliassi and Reuss, 2002] . While we have not measured alder N-fixation at CPCRW, N inputs are likely much lower than the Tanana for two reasons. First, alder stand density is much lower at CPCRW compared to the Tanana floodplain [Rohr, 2005] , and second, N fixation rates of the A. crispa at CPCRW are considerably lower than A. tenuifolia, which is the dominant alder species on the Tanana floodplain [Anderson et al., 2004] .
[34] Nitrogen in rock in CPCRW has not been measured directly, but the metasedimentary geology may be an N source. CPCRW is underlain by a mixture of eclogite, quartzite, muscovite schist, and unconsolidated quaternary material [Newberry et al., 1996] . Metasedimentary rock can contain nitrogen as NH 4 + that substitutes for K + in micas; this NH 4 + can be subsequently oxidized to NO 3 À during the weathering process before reaching surface waters [Holloway and Dahlgreen, 2002] . Weathering of N from metasedimentary and metavolcanic rocks has been shown to provide up to 30% of the N budget to streams in the Sierras of California [Holloway et al., 1998 ]. However, the rocks present in CPCRW have not been analyzed for N and their N concentration is unknown. As evidence that weathering is not a major source of nitrogen, NO 3 À concentration in springs is similar to stream water, indicating a source that does not involve rock interaction.
[35] Groundwater springs have proven to be important sources of NO 3 À in a temperate watershed where NO 3 À concentration is higher in groundwater than in unsaturated, shallow groundwater recharge areas [Burns et al., 1998 ]. We find a similar pattern in CPCRW where surface soils are low in inorganic nitrogen, but groundwater concentrations are similar to base flow concentrations [MacLean et al., 1999; Hinzman et al., 2006] . However, water movement through the active layer appears to be important for NO 3 À flux in the high-permafrost watershed during late summer Boreal Sweden [Kortelainen et al., 1997] , boreal Quebec [Ford and Naiman, 1989] , boreal Ontario [Bayley et al., 1992] , boreal Alberta [Cooke and Prepas, 1998 ], boreal Alaska (present study), boreal Denali National Park [Stottlemyer, 1992] , and Arctic Alaska [Peterson et al., 1992] .
based on a positive relationship between nitrate concentrations and discharge for the final two summer storms (Table 3) . Similar positive patterns of nitrate and discharge have been observed in the high-permafrost basin during previous years . As soil temperature increases throughout the summer, and thaw depth increases, more organic material becomes available for decomposition and the pool of NO 3 À may increase.
Weathering Losses
[36] The output of Ca
2+
, Mg 2+ , and Na + reflected the weathering and dominant flow paths in watersheds. The high-permafrost watershed had the lowest output of base cations, due to greater flow derived from organic soil during summer, which is depleted in weathering ions. However, factors other than organic versus groundwater flow may be important since the medium-permafrost watershed had 2 and 3 times greater output of Ca 2+ , Mg
, and Na + than the high-and low-permafrost watersheds, respectively. In addition, the medium-permafrost watershed showed higher runoff for the year. The influence of runoff is illustrated by the output of Cl À from the watersheds. Cl À is typically conservative so that concentration is similar across watersheds, but because runoff differed between watersheds the medium-permafrost watershed had twice the Cl À output of the low-permafrost watershed and more than fourfold the Cl À output of the high-permafrost watershed.
[37] Large net SO 4 2À loss was observed in all CPCRW watersheds, indicating that an internal S source is present or we are underestimating a potential SO 4 2À input. Although we have not measured S in dry deposition, we expect that it is low in CPCRW because there are limited anthropogenic S sources. Watershed S losses have been observed in numerous studies in North American and have been attributed to mineralization [Driscoll et al., 1998 ], adsorption/desorption [Alewell et al., 1999] , oxidation of reduced S [Eimers and Dillon, 2002] , and S from rock weathering [Baron et al., 1995; Bailey et al., 2004] . Geologic S sources are common in the CPCRW area both in and surrounding gold-bearing veins. Common sulfide minerals include arsenopyrite, stibnite, and especially, pyrite [Newberry et al., 1996] . Locally, groundwater concentration of sulfate can reach over 300 mg/L, and is quite variable, depending on the residence time of groundwater and the rock minerals in contact with infiltrating water [Farmer et al., 1998 ]. In the Fairbanks region, sulfate concentration is low in waters draining granite, intermediate concentration is found in waters draining metasedimentary rocks, and high concentration is found in water in contact with eclogite [Goldfarb et al., 1997] . The latter is a common rock type underlying CPCRW [Newberry et al., 1996] . SO 4 2À sources in CPCRW rock and groundwater and large SO 4 2À losses across all watersheds suggest that weathering sources are responsible for the SO 4 2À input.
[38] Chemical dissolution is accelerated by temperature and precipitation; therefore, temperate and tropical ecosystems typically reveal higher weathering rates than alpine ecosystems [Johnson et al., 1994] . Furthermore, catchments with similar climate and bedrock material can produce a different weathering rate depending on water contact time with bedrock [Drever, 1997] , and the production of carbonic and organic acids by biota [Schlesinger, 1997] . In CPCRW [Johnson et al., 1994] ). However, despite low annual temperature, low precipitation rates, and the lack of exposed bedrock in this unglaciated region, CPCRW watersheds had considerable loss of weathering ions. This result may reflect the production of biotic acids driving weathering, the lack of biotic uptake of weathering ions, or relatively high weathering rate of primary bedrock minerals. Additionally, permafrost and dominant water flow paths also affect weathering rate as the high-permafrost catchment had the lowest weathering rate, likely due to the reduced contact time of water with bedrock.
Climate Change, Permafrost, and Solute Fluxes
[39] Climate models predict an increase in temperature at high latitudes, which may accelerate the ongoing subsidence of permafrost in interior Alaska [Osterkamp and Romanovsky, 1999; Serreze et al., 2000] . Boreal soils contain large stores of organic carbon and nitrogen in frozen soils that are just below freezing and sensitive to changes in soil temperature. Improved soil conditions for decomposition and thawing of currently frozen soil may promote organic matter mineralization and increase riverine C and N export. However, other factors that respond to climate change and attenuate or release C and N will also be important such as primary production, abiotic adsorption, and precipitation. For example, Freeman et al. [2004] found that greater DOC output from peat soils was not a result of increasing temperature or discharge, but was due to carbon dioxide enhancement of primary production. Furthermore, greater DOC sorption in mineral soils may occur from a deeper active layer thickness [Carey, 2003] , and may preferentially favor the retention of hydrophobic compounds such as pentoses and phenols [Kawahigashi et al., 2004] . Lastly, drought and fire in a warmer environment has been found to reduce DOC concentration of boreal lakes with implications for aquatic organisms [Schindler et al., 1997] .
[40] At CPCRW, our data suggest that C and N fluxes in the discontinuous permafrost zone of interior Alaska are sensitive to changes in active layer thickness. We found that the active layer is a source of DOC and nitrate in late summer storms, indicating that a deeper active layer may potentially release C and N. The net flux of C and N to streams will depend not only on the interplay of decomposition and plant uptake, but also the interaction of organic matter and inorganic solutes with subsurface soils. Extension of the active layer into previously frozen mineral soils may promote the adsorption of DOC and DON, whereas the loss of inorganic ions such as nitrate may be enhanced by water movement into deeper soils.
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